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MEASURED PERFORMANCE CHARACTERISTICS OF
REFLECTIVE BUTLER MATRICES

INTRODUCTION

The suitability of Butler-matrix feed networks for linear-array and circular-array
antenna applications is well documented in the literature [1-6]. However, because Butler
matrices rapidly become unwieldy as the input-output ports increase in number, their
expected use in feed systems for large arrays has not materialized. This inherent inhibiting
characteristic of large conventional Butler matrix circuits is addressed in this effort. A
reflective Butler matrix is described which has the full electrical performance of a conven-
tional Butler matrix while requiring only 1/2 the usual size and number of circuit com-
ponents.

This report represents the experimental part of a cooperative effort on multibeam
antenna research. The design, fabrication, testing, and evaluation of a 16-port reflective
Butler matrix is presented. The theoretical portion of this work was previously reported by
Shelton and Hsiao [1].

PROPERTIES OF A BUTLER MATRIX

A Butler matrix is a lossless, passive network having N inputs and N outputs, where N
usually is some power of 2. The inputs are matched and isolated from one another, as are
the outputs. A signal into any input results in currents of equal amplitude on all the outputs
with phase varying linearly across the outputs. Each input port has a unique output linear
phase progression associated with it. Hence, if the outputs are connected properly to any
array of N radiators, N different antenna aperture current distributions can be realized by
using different input ports.

Butler-matrix networks have essentially two circuital components: phase shifters and
3-dB hybrid couplers. Although a variety of 3-dB hybrids can be used in these circuits, only
the 3-dB phase-quadrature directional coupler shall be considered here. For a 2N-port Butler
matrix, where N ='2"_ the total number of hybrids is n22-1, which clearly shows the growth
relationship between the array size and its corresponding Butler matrix feed. In practice
it is rare to find Butler matrices with more than 64 output ports, because dimensional
tolerances become too stringent. A technique has been developed which symmetrizes Butler
matrices along a line midway between the input and output ports. This network, somewhat
analogous to a lens system, can be “‘reflected” along this line of symmetry and remain fully
functional. A signal into any input will travel forward to the line of symmetry and becomes
reflected back to the input ports which now assume the role of “output ports.” This net-
work is called a reflected Butler matrix, and the details of its design, testing, and per-
formance follow.

Manuscript submitted September 14, 1979,
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DESIGN AND FABRICATION

Symmetrized Butler-matrix networks fall into two classes depending on whether n is
odd or even in the expression for the number of ports N = 2, The value of n specifies the
number of rows of hybrids between the input and output ports in a conventicnal Butler
matrix. Since the network “cutting” is along the line of symmetry of the matrix, it follows
that forn = 2, 4, 6, . . . the cut will fall between two rows of hybrids but forn=1, 3,5, . . .
the cut falls directly on the center row of hybrids. Both cases shall be considered.

An eight-port conventional Butler matrix is shown in Fig. 1. The 12 couplers in this
network are arranged equally in three rows (n = 3) of N/2 hybrids. When this matrix is cut
or folded as shown in Fig. 2, some hybrids must be cut in half. A 3-dB coupler consisting of
two 8.3-dB directional couplers connected in tandem was selected as the simplest way of
making a half coupler. The folded 3-dB quadrature hybrid coupler is obtained simply by
placing open terminations on the through and coupled arms of an 8.3-dB directional
coupler, as shown in Fig. 3. Care must be taken to position both open terminations the same
distance from the coupling region; the absolute distance is irrelevant. The measured per-
formance of this half hybrid compares quite well with that of a conventional hybrid made
up of two 8.3-dB couplers connected in tandem (Figs. 4 and 5). In this effort there was no
attempt to achieve broadband performance; thus the hybrids used a single 1/4-wavelength
coupling secticn.

The folded eight-port Butler matrix shown in Fig. 6 was designed for midband fre-
quency of 1060 MHz and was fabricated in printed-circuit shielded-stripline media. Three
sandwiched sheets of 1.6-mm (1/16 in.) Duroid was used to fabricate the circuit, with the
center board having etched circuits on both sides. This construction permits broadside
coupling of the lines and minimizes the problem of transmission-line crossover in the net-
work layout. A detailed engineering drawing of this circuit appears in Fig. 7.

The 16-port reflective Butler matrix, shown in Fig. 8, represents the class of networks
having n equal to an even integer. For this case of n = 4, there would be four rows of
hybrids, and each row would have eight hybrids for a network total of 32 couplers. The
line of symmetry for this network lies midway between two rows of hybrids, and the net-
work “‘cutting” involves only transmission lines. The layout of this complex circuit was
done on an in-house graphic-display computer-aided digitizing network. All corrections and
modifications to the matrix circuit are conveniently accomplished via magnetic tape. This
method eliminates the human error and the long turnaround times encountered when
drawings must be redrawn by hand. Once the desired reflective network design is achieved,
a mask is made by using an Electro-Mask Pattern Generator. This is an optical exposure
system which produces 127-mm-by-127-mm (5-by-5-in.) masks on glass plates. The mask
of the 16-port reflective matrix is shown in Fig. 9. It was necessary to enlarge these masks
by a factor of 5 to gain the required size of the negative or mask. The fabrication of the
16-port network was the same as that used for the eight-port folded Butler matrix, with the
major difference being the metal cover plates and rivets used to bond the circuit boards
together.
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TEST AND EVALUATION

Special attention is required during the testing of the reflective Butler matrix, primarily
because the through signal becomes reflected and is mixed at the input/output port with
other return signals due to network and port termination mismatches. Uniformly well
matched loads on the ports of this matrix network are a requirement for good measure-
ments and accurate performance evaluation.

An automatic network analyzer (Hewlett-Packard 8545A) was used to test the folded
networks. All ports underwent comprehensive testing over the frequency band of 1000 to
1100 MHz. At each test point the phases and amplitudes of the signal input and the return
(reflected signal) were measured. Typical measured performance curves of the eight-port
and 16-port reflective networks are shown in Figs. 10 and 11 respectively. These measure-
ments were made with all ports terminated in 50-ohm resistive matched loads. The com-
pleted set of measured results for the 16-port reflective network appears in the Appendix,
with Fig. 11 being the same as Fig. A13. In most cases the measured data curves were
translated for the convenience of the reader. This translation amounts to no more than
changing the phase of the input signal. Finally in Fig. 12 an attempt is made to give some
insight as to the bandwidth performance of these reflective networks. A signal was put into
port 4R (which is port 4, as tabulated in Fig. 8), and the output signals were measured for
frequencies from 500 to 2000 MHz in increments of 100 MHz. The plotted results show
surprisingly that the network remains functional over the entire test bandwidth.

SUMMARY

It has been shown that reflective Butler-matrix networks can be designed and fabri-
cated to provide the same electrical performance as conventional Butler matrices. This in-
cludes broadbanding, power handling, and insertion loss. Network cutting (or folding)
techniques are described in detail, including the halving of 3-dB hybrid couplers. The overall
physical size and number of circuit components of these folded networks is essentially 1/2
that of the conventional networks. However, the penalty for this size reduction is that each
port must function as both an input and an output port. Therefore some applications might
require output circuit configurations such as switching between ports or placing circulators
on each port.
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Appendix A

MEASURED RESULTS FOR THE 16-PORT REFLECTIVE BUTLER MATRIX

The complete set of measured data for the 16-port reflective Butler matrix is presented
in this appendix. The tests were performed using a Hewlett-Packard 8545 automatic net-
work analyzer. All of the phase results were normalized relative to port 15 (in 0° reference)
and are shown graphically in Figs. A1 through A16. The amplitude measurements are
presented in Table Al with all values compensated for about 0.5-dB path-insertion loss.

Table A1 — Measured Power Distribution Across the
Output Ports for Different Input Ports

Input Loss in Each Output Port for 2 Midband Frequency of 1060 MHz (dB)
Port 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 — |12.1 |11.8 |12.8 [12.0 |12.9 |12.7 [13.2 |11.6 |{12.4 (12,6 {13.1 [12.0 [13.0 [13.1 |121
2 11.8 — |12.6 |13.1 [12.4 |13.4 |12.8 {13.5 |11.3 |12.,2 |11.8 12,7 11.8 |12.1 |12.8 |13.3
3 11.8 [ 12,7 — 113.0|11.0 |12.0 | 11.6 {12.5 |12.4 [13.2 |13.3 |13.7 |12.1 |13.6 | 12,5 {13.3
4 12,8 | 13.0 | 12.9 — 12,2 |12,5 (12,4 {13.0 (12,0 {12,383 |12.5 |12.6 |10.8 |11.8 |11.9 |13.0
5 12.0 | 12.5 | 10.9 | 12.2 — {13.0 12,0 |12.3 {126 |13.1 |12.2 |13.4 |12,9 |13.5|12.5 |13.0
6 12,8 13.4 | 12.0 {12.7 | 13.2 — (12,5 |13.0 |11.9 | 12,0 {10.5 | 12.0 [12.7 | 13.3 | 12.3 | 13.0
7 13.0 13.1 |12.0 |12.8 {121 | 12.7 — |12.1 |13.0 (13.4 (13.1 |13.1 (12.7 [13.0 | 12.3 [12.6
8 13.4(13.6 (12,6 |13.0|12.5|13.1|12.1 — |13.2 (13.0 |12.2 (13.0 |12.3 |12.6 | 11.7 |11.9
9 11.7 | 11.4 [ 12.7 | 12.2 1 13.0 | 12.3 | 13.3 | 13.0 — |11.9 [138.2 |12.5 {13.4 [11.9 | 14.2 [13.2
10 128 12.,4(13.5|12.7 |13.3|12.5| 13.4 | 13.0 | 12.0 - (12,8121 [12,7|12.0] 13.5 |12.6
11 124} 11.9}13.7 (13.5|12.1 10,6 | 12.8 | 12.8 |13.3 | 13.0 — | 13.3 |12.7 {11.7 | 13.2 | 129
12 13.1 | 12.6 | 13.7 | 12,7 | 13.7 | 12,2 | 13.1 | 12.8 |12.4 | 12.0 | 13.1 — 12,2 {11.6 | 12.5 [12.1
13 128 11.9 {12.0 ; 11.0 | 18.2 | 12,6 | 12.6 | 12.1 [ 12.9 | 12,9 [ 12.4 | 12.0 — 12,9 13.4 | 12.6
14 12,9 (12,2 |13.7 12.0(13.5|13.0]13.0 (12,4 (121 {12.2 [11.7 | 11.5 (12,4 - | 12,5 |12.0
15 13.2| 13.1|12.4|12.0|12.0{ 12,3 | 12,3 {11.7 |14.2 (13.6 |13.3 | 12,5 |13.3 | 12,5 — 1121
16 13.2 | 13.3|13.5|13.0}13.2|12.8 12,7 |11.8 |13.0 (12.6 |12.9 | 12,1 |12,7 | 12,1121 —
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Fig. A3 — Input signal into port 3 (3R)
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Fig. A4 — Input signal into port 4 (4R)
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Fig. A11 — Input signal into port 11 (6L)
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Fig. A12 — Input signal into port 12 (5L)
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Fig. A13 — Input signal into port 13 (4L)
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Fig. A14 — Input signal into port 14 (3L)
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Fig. A15 — Input signal into port 15 (2L)
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Fig. A16 — Input signal into port 16 (1L)
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